Introduction
At the end of the lifetime of a massive star, its core will collapse to a neutron star or black hole, while its outer shell explodes outward, carrying on the order of 10 51 erg of kinetic energy. The resulting shockwaves can continue to expand into the surrounding medium for tens of thousands of years or more.
These shocks can accelerate particles (electrons and protons/nuclei from the ISM and the SNR ejecta) to relativistic energies. Given galactic supernova rates and their average energy release, supernova remants are thought to be the main source of Galactic cosmic rays. Indeed, two SNRs have been shown to accelerate protons to relativistic energies (pion bump). But are SNRs really able to drive cosmic ray acceleration up to the purported end of the Galactic cosmic ray spectrum, the knee at a few PeVs? Gamma rays, in particular TeV gamma-rays, are tracers for high-energy particles, and allow us to study up to which energies supernova remnants can accelerate particles.
In 2016, the Fermi-LAT collaboration conducted a search for gamma-ray emission fom radiodetected galactic SNRs in the 1 GeV to 100 GeV range, using 3 years of Fermi-LAT data [1] . They found thirty gamma-ray sources likely associated with galactic SNRs, and fourteen sources 'marginally classified' as SNRs. In this sudy, we search for TeV gamma-ray emission from a subsample of these sources.
The HAWC Detector and Data Analysis
The HAWC (High Altitude Water Cherenkov) Observatory is a gamma-ray observatory located at an altitude of 4100 m near volcano Sierra Negra in the state of Puebla, Mexico. Its 1200 photomultiplier tubes in 300 water tanks detect Cherenkov emission from the electromagnectic component of gamma-ray and cosmic-ray induced air showers. More information about the HAWC detector, event reconstruction, and data analysis can be found in [2, 3] .
HAWC's angular resolution depends on the shower energy, its zenith angle, and the position of the shower core relative to the center of the array. It varies between roughly 0.10 • and 1 • . The energy range over which HAWC is sensitive is different for each source and depends on the source's spectrum as well as its declination (sources with a declination of +19 • will transit directly overhead where HAWC is most sensitive; sources with a higher or lower declination will have a smaller maximum elevation). HAWC's energy threshold ranges from about 500 GeV (soft-spectrum sources at favorable declinations) to 20 TeV (hard-spectrum sources at unfavorable declinations) [2] . Here, the energy range is defined as the central interval contributing 75% of the test statistic of a source with a given spectrum and at a given declination.
Two data samples were used for this study. For the upper-limit calculation, 1128 days of HAWC data were used, reconstructed and binned according to the 9-bin scheme described in [3] . For spectral fits, a smaller dataset (1038 days) of HAWC data was used, which was reconstructed with the ground parameter energy estimator and binned according to the two-dimensional scheme described in [4] .
HAWC uses a forward-folding likelihood analysis. More details can be found in [5] . For this study, SNR morphologies were modeled either as flat, radially symmetric disks or as point sources. SNR energy spectra were modeled as power laws,
with flux normalization K at pivot energy E 0 and spectral index γ.
To assess whether an excess of gamma-ray events above background expectations is statistically significant, the following test statistic (TS) is used:
where L is the best-fit likelihood including the source in question, and L 0 is the likelihood of a model without that source.Generally, sources with T S > 25 are classified as 'detected'.
SNR Sample
Of the thirty GeV-detected SNRs in [1] , fifteen are contained within HAWC's field of view (declination between −26 • and 64 • . Six of these are in source-rich regions of the galactic plane, dominated by emission from other objects. These six sources were excluded from this study. We then searched for TeV gamma-ray emission from the remaining nine sources, using the morphologies and spectral shapes from [1] as a baseline.
For sources detected with a significance of more than 5σ , the TeV spectrum was fit to the 1038-day dataset analyzed with the ground parameter energy estimator.
Results

Dected SNRs
Our of the nine SNRs in the sample, three were signficantly detected in HAWC data: SNR 049.2-00.7 (W 51), coincident with 2HWC J1922+140; SNR 078.2+02.1 (γ Cygni), coincident with 2HWC J2020+403; and SNR 189.1+03.0 (IC 443). All were best fit with power-law spectra in the HAWC energy range, with no indication of curvature. The analysis of γ Cygni requires a multi-source fit, and is treated in [6] .
The best-fit energy spectrum for W 51 (SNR 049.2-00.7) is shown in Fig. 1 a) . The HAWC measurement matches up well with the Fermi-LAT results, but with a somewhat softer index. The HAWC flux is a bit higher than the MAGIC measurement, which may be due to the presence of diffuse emission or other sources in the region. More detailed studies of W51, as well as of IC 433, are ongoing and will be presented in future publications.
Non-detected SNRs
Six SNRs in the sample did not show significant gamma-ray emission above the expectations from (hadronic) background. For these SNRs, 95% CL upper limits on the integrated flux were calculated according to the prescription by Feldman & Cousins [18] , using the 1128-day dataset and the 9-bin analysis. Table 2 shows the results. For three objects, shown in Fig. 1 b)-d) , the HAWC upper limits on the TeV gamma-ray fluxes are below the extrapolations from the GeV range, indicating a break or cut-off in the spectrum between HAWC and Fermi-LAT energies. Indeed, for SNR 111.7-02.1 (Cassiopeiea A), such a cut-off has been measured by the MAGIC experiment [15] . The HAWC limits are fully consistent with the MAGIC spectrum. For SNR 180.0-01.7, no TeV counterpart has been identified, but the 4FGL results, derived from a larger energy range, confirm that the spectrum is curved. The HAWC limits are compatible with the 4FGL measurements.
3.2.1
The Case of SNR 109.1-01.0 SNR 109.1-01.0 (CTB 109) is a middle-aged SNR that has been detected and resolved in radio [19] and X-ray [20, 21] . Its age has been estimated to be between 9000 and 17000 years [19, 20] . CTB 109 shows an interesting semi-circular morphology, thought to be due to interactions of the remnant with sourrounding molecular clourd [21] .
Both 4FGL and the 1FSC results show hard spectra (index around 2) without indications for spectral curvature in the GeV regime. Yet, no VHE counterpart has been identified, and the HAWC upper limits are more than an order of magnitude below the extrapolations from the FSC spectrum. This indicates that there must be a break or cut-off in the spectrum, similar to the much younger remnant Cassiopeia A.
In the 4FGL, CTB was reported as extended, with a radius of 0.25 • , and with a slighly softer spectral index (-2.03) compared to the 1FSC. We also looked for emission using the 4FGL morphology and spectrum; no significant emission was detected and the upper limits are still significantly below the extrapolation from the 4FGL.
The Case of SNR 205.5+00.5
SNR 205.5+00.5 shows the largest positive excess out of the non-detected remnants, corresponding to a significance of more than 3σ . However, most of the emission in the region can be attributed to HAWC J0635+070 [22] , a TeV Halo candidate. With its (gaussian) extent of (0.65 ± 0.18) • , HAWC J0635+070 is considerably smaller than SNR 205.5+00.5 (disk radius of (2.28 ± 0.08) • ). The centroid of the HAWC source is also significantly offset (by 1.10 • ) from the center of the GeV emission. However, to be conservative, the upper limits shown here have not been corrected for emission from HAWC J0635+070.
Discussion and Conclusions
We have searched for TeV gamma-ray emission from GeV detected SNRs with HAWC. Out of the nine SNRs in the sample that are not in source-confused regions, three SNRs were significantly detected with HAWC. Upper limits were derived for the remaining six objects.
For the three detected SNRs, the energy spectra at TeV energies are best fit with power law shapes. The spectral indices are all softer than the GeV measured spectral indices, in line with previous measurements [1] . For three of the six non-detected SNRs, the HAWC upper limits are below the extrapolations from GeV measurements, again indicating a spectral cut-off or break between tens of GeV and tens of TeV.
Many supernova remnants are located in source-rich regions of the galactic plane, making it challenging to disentangle the TeV emission from (often extended) SNRs from neighgboring sources. Dedicated studies of the morphologies of these regions are needed to extract any detections or useful upper limits from HAWC data, similar to what has been done for γ Cygni. Table 2 : Results for non-detected SNRs. Table shows the nominal disk radius and spectral index from [1] used for the fit (sources without a radius were found to be point-like in [1] and accordingly, modeled as point sources for the HAWC analysis), the HAWC energy range (determined as in [3] , with the 75%-TS-criterium), the upper limit on the gamma-ray flux integrated over the given energy range, and the TS for gamma-ray emission above background expectations. Figure 1: Gamma-ray spectral energy densities (SEDs) of select GeV-detected SNRs. Plots show spectra from the 4FGL [23] in grey and from the Fermi-LAT SNR catalog [1] in orange. HAWC results (this study) are shown in purple (measurements) and blue (upper limits).
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